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ABSTRACT: Nanomedicine has evolved significantly over the last decades and expanded its applications in pediatric
oncology, which represents a special domain with unique patients and distinct requirements. The need for early cancer
diagnosis and more effective and targeted therapies aiming to increase the pediatric patients’ survival rates and minimize
the treatment-related side effects to survivors is profound. Nanoparticles (NPs) come as a beacon of hope to provide
sensitive cancer diagnostic tools and assist contrast agents’ transport to the malignant tumors. Besides, NPs could be
designed to deliver targeted drugs and genes to tumors, minimizing the medicine-related toxicities. Metal and metal
oxide NPs could be exploited as sensitizers to enhance chemotherapy and radiotherapy effects. Future research should
emphasize pediatric models to gain secure results about NPs’ safety and efficiency for pediatric cancer patients. This
review presents the recent studies on the use of NPs in pediatric cancer management and highlights their impact on
diagnosis, treatment outcomes, and the quality of life of the survivors. The purpose of this study is to investigate the
benefits that may arise from the use of NPs in pediatric oncology, address the potential limitations and challenges, and
discuss the needs for future research efforts.

KEYWORDS: Nanoparticles (NPs); nanomedicine; pediatric oncology; pediatric cancer diagnosis; pediatric cancer
therapy

1 Introduction

Cancer is a leading cause of death for children and adolescents worldwide. According to the American
Cancer Society, cancer is the second most common cause of death for children aged 1 to 14 years old and
the fourth for children between 15 to 19 years of age in the United States [1]. It is estimated that each year,
400,000 children will be diagnosed with malignant tumors, while the technological advances in diagnostic
applications and the novel therapeutic approaches have raised the 5-year survival to 80% and 30% in high-
income and low-income countries, respectively [2,3]. Leukemia, brain and central nervous system (CNYS)
tumors, sarcomas, neuroblastomas, and lymphomas are among the most common cancer types for children
up to 19 years old [4]. Pediatric cancer types differ significantly from those in adults as they are not associated
with lifestyle or ageing, but rather arise from genetic mutations, developmental processes, or abnormalities
in growing tissues. Hence, the divergence in tumor biology necessitates tailored approaches for pediatric
cancer management.
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Since pediatric cancer advances quickly and is more aggressive compared to adult, the early and accurate
diagnosis is one of the most crucial aspects affecting treatment outcomes [5]. However, diagnostic radiology
raises concerns in pediatrics. Firstly, in terms of diagnostic imaging, the lack of cooperation of the young
patients leads to the use of sedation in order to acquire scans, ensuring both patient safety and high image
quality. Not only the medications used for the sedation, but also the contrast agents, could cause either
immediate side effects, such as allergy reactions, or long-term ones. The effect of these agents and drugs
could increase significantly for patients who require multiple scans [6,7]. For instance, gadolinium (Gd)-
based contrast agents have been found to form depositions in the brain, and they could cause significant
damage to the kidneys of patients with chronic kidney disease [8]. Moreover, since the developing brain of
the young patients is more vulnerable to damage compared to adults, research should focus on the long-term
effects of the children’s brain depositions caused by the Gd-based contrast agents [9].

Regarding pediatric cancer therapy, the basic treatment options include or combine stem cell transplant,
surgical resection of the tumor, chemotherapy, and radiotherapy (RT). However, chemo-and radio-resistance
exhibited by cancer cells may undermine the effectiveness of the implemented therapeutic strategies and
lead to subsequent tumor relapses. Apart from the conventional approaches, novel types of therapies such
as gene therapies and immunotherapies are being developed constantly [10,11]. Yet, pediatric cancer therapy
encounters certain difficulties. Organs and tissues in children develop rapidly, thus patients may exhibit
developing-specific responses to cancer treatment. Besides, considering that mutational rates, pharmacoki-
netics, pharmacodynamics, and metabolic rates in the pediatric population differ greatly compared to adults,
every product dosage must be adjusted to fit in pediatric cancer patients’ needs based on a broad range
of parameters beyond just weight and age [12]. Even the form of the drugs has to be formulated to be
appropriate for children and keep a taste that will be nice and attractive to them. In the case of brain tumors,
the impermeability of the blood-brain barrier (BBB) is a significant obstacle [13]. Since BBB protects the
nervous system microenvironment from pathogens or toxins, it limits the access of drugs to the brain as
well [13]. Furthermore, the lack of adequate information regarding the pathophysiology behind common
pediatric cancer diseases hinders the creation of effective, new drugs [10].

Chemotherapy and RT are associated with immediate adverse side effects such as hair loss, fatigue,
nausea, diarrhea, anemia, etc. Besides, the daily administration of chemotherapy and the typical fractionation
schemes in RT (5 fractions per week over several weeks) dictate the need for frequent clinic visits, which
further impairs pediatric patients’ daily well-being. Despite the novel approaches in childhood cancer
treatment, survivors may still suffer from treatment-related long-term side effects such as neuroendocrine
problems, cognitive dysfunctions, hearing and vision problems, cardiotoxicities, nephrotoxicities, and
fertility abnormalities. Moreover, compared to the general population, children who have been exposed to
radiation from multiple CT scans or received RT for their primary cancer exhibit a higher risk of developing
a secondary malignancy [14].

The aforementioned challenges in pediatric cancer treatment management highlight the need to
optimize the diagnostic and therapeutic procedures according to the specific pediatric patients. Over the
last years, nanoparticles (NPs) have conquered the research in a lot of domains of conventional medicine,
including pediatric oncology [15,16]. Nanostructures emerge as a beacon of hope for the development of new
targeted diagnostic and therapeutic methods and the improvement of the already existing ones.

NPs are tiny particles, the size of which ranges from 1 to 100 nm. They exhibit high surface-to-volume
ratios [17], increased cellular uptake [18], and functionalization properties [19]. These properties render NPs
ideal candidates for tumor targeting, drug transport, and sustained or controlled drug release, while the
high atomic number (Z) of metal NPs could be exploited in order to enhance tumor radiosensitization in
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diagnostic imaging and cancer therapy [20,21]. As well, a great number of biosensors are currently under
investigation, the technology of which is based on NPs [22].

The small size of NPs, combined with the enhanced permeability and retention (EPR) phenomenon,
which occurs in solid tumors, suggests the passive tumor targeting where NPs could be allowed to pass
through tumors and achieve adequate accumulation in their microenvironment. Due to their large surface
area, NPs could also be functionalized with molecules, peptides, and antibodies in order to target the unique
markers expressed in cancer cells and support the development of actively targeted drug delivery systems [11].

Depending on their composition, NPs are divided into three categories: organic, inorganic, and carbon-
based [23]. Organic NPs, such as liposomes and dendrimers, which are biocompatible and biodegradable,
could serve as drug carriers and vaccine components [23]. Moreover, they are characterized by an important
sensitivity to heat and radiation, which could enable the controlled release of any drug under specific
conditions [23]. Carbon-based NPs like carbon quantum dots (QDs) hold electrical conductivity and special
properties regarding light and heat absorption [23]. Thus, combined with their low toxicity, they could
be mainly used as imaging contrast agents and drug carriers [23]. Inorganic NPs include the rest of the
NPs, such as metal-based and metal oxide NPs. Given their low toxicity, hydrophilicity, biocompatibility,
easy surface functionalization, and stability, along with their tremendous electrical and magnetic properties,
they could be used for biosensor engineering [22] and serve as radiosensitizers in imaging and therapeutic
applications [24-26].

Even though thorough research exists in the field of NPs-aided cancer diagnosis and therapy for adults,
studies in pediatric cancer are limited. This review provides an overview of the current and most recent
research around the applications of NPs in pediatric oncology services.

2 NPs in Pediatric Oncology
2.1 Pediatric Cancer Diagnostic Imaging

Ferumoxytol, an iron oxide (FeO) NP with a hydrodynamic diameter of 17-31 nm, is already approved
as an iron supplement by the Food and Drug Administration (FDA) [6,27]. Its core consists of FeO, and
its coating is made of polyglucose sorbitol carboxymethyl ether [27]. It is biodegradable, biocompatible,
and has a long intravascular half-life time of approximately 14 h [6]. Additionally, ferumoxytol exhibits the
potential to accumulate in the reticuloendothelial system (RES) [6,27,28]. It is administered by intravenous
(IV) infusion [29]. Its use as a contrast agent has application in approximately every system, from metastases
detection to pathologies of the cardiovascular system. Until now, it has been used oft-label in children as a
contrast agent in Magnetic Resonance Imaging (MRI) [6,30].

The long intravascular circulation time of ferumoxytol, especially in the pediatric population, gives the
opportunity for breaks and extra time to calm the patients down and help them cooperate during a diagnostic
imaging procedure [6]. In this way, the need for anesthesia may be reduced, leading to a lower cost of the
examination and fewer side effects from the sedative medication. The feed and sleep method can also be
applied. In this method, the contrast agent is injected into patients before imaging, and then they go to
sleep [6]. The examination is initiated only when the patient is asleep [6]. Even if the procedure is disrupted,
there is enough time to continue without the need for a new injection [6].

Regarding its safety, it requires an intact iron metabolism to be administered. Although small doses of
5 mg/kg do not lead to iron accumulation, its main contraindication includes patients with hemosiderosis
and hemochromatosis, where iron overload pre-exists [9]. At the same time, it is safe for patients with chronic
kidney disease, and it does not cross the BBB [9].
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2.1.1 Imaging in Brain Tumors

CNS malignancies hold first place regarding the most common solid tumors in children [31]. Diagnostic
imaging results and stage classification are of critical importance, since they determine the therapeutic
scheme that should be followed for the patient’s treatment (e.g., surgical resection, chemotherapy, and/or
RT, etc.). The diagnostic imaging of brain tumors is degraded by the presence of the BBB. The BBB forms
a side-dependent barrier, mimicking a protective wall for the brain by prohibiting the entrance of non-
essential molecules. It consists of tight junctions between the endothelial cells, the basement membrane,
astrocytes, mural and immune cells [13]. However, positively charged lipophilic molecules can overcome
the BBB, whereas the transport of other essential molecules is facilitated by specific membrane carriers [15].
Efflux transporters are part of the BBB and hinder the entrance of small lipophilic molecules into the
brain [32]. NPs can overcome the obstacle that efflux transporters create by facilitating a receptor-mediated
transport through specific pumps [32]. Those pumps include insulin, transferrin, and low-density lipoprotein
receptors. NPs’ membrane can be formulated with the appropriate molecules, in order to achieve the crossing
of the BBB [32].

The Gd-enhanced MRI constitutes the gold standard for the diagnosis and staging of brain tumors [33].
Nevertheless, the low permeability of the BBB decreases the sensitivity of the MRI and, in some cases, MR
images fail to detect cancer in its early stages or to fully depict the tumor and its margins. Additionally, Gd
depositions have been found inside the brain parenchyma of patients who underwent multiple scans [8].
Taking into consideration that children are still developing organisms, a lot of concerns arise regarding
the Gd effect on their neurocognitive function. In addition to that, its inability to successfully characterize
the margins of the tumor creates an important obstacle in some types of fast-growing malignancies,
where the exact limits have to be determined for the optimum surgical resection [15].

Despite the progress in glioblastoma (GBM) diagnosis and treatment, it is still associated with low
survival rates [31]. Investigating GBM imaging, Covarrubias et al. proposed the use of NPs to target the
Receptor protein tyrosine phosphatase mu (PTPmu), which can be found both at the tumor itself and at a
distal location of it [31]. FeO formed into NP chains was conjugated with the SBK2 peptide, which is the one
that binds to the PTPmu. The SBK2-FeO NP was used as a contrast agent for MRI imaging. For the purpose
of the experiment, the team developed a pediatric GBM model using athymic mice to place SJ-GBM2 cells
from a 5-year-old patient orthotopically. Liposomes conjugated with the SBK2 peptide and fluorescence were
used for optical imaging and histology examination. Their experiment included both ex vivo and in vivo
sections. This model successfully exhibited the special characteristics of the pediatric GBM. The T2-weighted
MR images, which were received from the athymic mice with the SJ]-GBM2, demonstrated that PTPmu
conjugated NPs accumulated both inside the tumor with its margins and also inside the individual GBM
cells that had migrated millimeters away from it. The successful targeting of both proximal and distal GBM
cells using PTP mu-NPs opens the road to theranostic applications for GBM in pediatric patients.

2.1.2 Imaging in Metastases and Malignant Lymph Node (LN) Detection

For cancer staging and treatment scheme planning, the metastases and LN detection are a critical step.
In general, LNs larger than 1 cm are characterized as malignant. This assertion, when applied to the pediatric
population, shows low sensitivity. LNs reacting to an infection can also be larger than 1 cm, and LNs smaller
than 1 cm can potentially be malignant [34]. Hence, LN size on its own cannot differentiate the benign
and malignant ones. To date, the test of choice for the detection of malignant LNs and metastases is an
8F-fluorodeoxyglucose (**F-FDG) enhanced positron emission tomography (PET) scan. Even the results of
PET may be affected by the reaction of the LNs to an infection [28].
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The research team of Anne Monika Muehe and Florian Siedek conducted a trial (NCT01542879) to
evaluate the use of ferumoxytol as a contrast agent in PET/MRI to distinguish malignant and benign LNs
in children diagnosed with cancer [28]. During the trial, all the participants underwent integrated '*F-FDG
PET/MRI scans. The patients received two scans, six months apart. The LNs that remained the same in both
scans were characterized as benign, and the ones that changed were characterized as malignant. A histology
evaluation took place only on samples received from two patients, where the solid tumor and the neighboring
LNs were surgically resected. The enhanced imaging of the hilum was the criterion for the characterization
of a LN as benign or malignant. More specifically, the absence of ferumoxytol uptake was indicative of
malignancy. The team came to the conclusion that ferumoxytol-enhanced PET/MRI has high sensitivity
regarding the characterization of malignancy in LNs between 5 and 10 mm. Besides, ferumoxytol was well
tolerated by the patients without significant side effects.

2.1.3 Imaging in Liver, Bones, and Soft Tissue Tumors

The tiny size of NPs provides the EPR effect in cancerous tissues, providing useful information for the
differential diagnosis of benign and malignant tumors [35]. Additionally, NPs accumulation at the RES allows
an accurate demonstration of tumors at the liver, spleen, and bone marrow, by producing a low signal at
T2-weighted images (T2WTI) [6]. Regarding bone and soft tissue tumor imaging, ferumoxytol creates a more
intense contrast between the healthy and cancerous tissue, thus it provides enhanced image quality compared
to Gd [6]. Additionally, neoplastic bone marrow cannot take up ferumoxytol, which could assist with the
differentiation between healthy bone marrow and metastatic lesions.

The adult bone marrow presents with a fatty conversion, leading to easier detection of the metas-
tases [27]. On the contrary, children’s bone marrow still possesses a great number of hematopoietic cells,
which are hardly distinguished from the metastases on MRI scans [27]. Nevertheless, bone marrow is an
organ of the reticuloendothelial tissue, which means that the leakage and the subsequent phagocytosis
of ferumoxytol from the macrophages also takes place there, producing a negative signal in T2-weighted
MRI [27]. The focal metastatic sites of the bone marrow do not take up ferumoxytol and subsequently do not
produce the negative signal in T2-weighted MRI, providing a great tool for the detection of metastases [27].

On this ground, Rashidi et al. compared the sensitivity of ferumoxytol-enhanced MRI to the detection
of bone marrow metastases in children and young adults [27]. All patients were between 2 and 25 years
and had been diagnosed with both extracranial solid tumors combined with one or multiple bone marrow
metastases. The MRI scans were repeated after chemotherapy was applied. The results revealed the increased
sensitivity of the enhanced MRI (99% of the metastases detected) against the unenhanced (94% of the
metastases detected). An interesting finding was the higher sensitivity of the post-chemotherapy enhanced
MRI, attributed to the increased hematopoietic activity of the bone marrow. The higher sensitivity led
to a better depiction of the tumor size and its metastases, enabling the construction of a more efficient
treatment approach.

Liver tumors, and especially hepatoblastoma, which is the most common, are well depicted by
ferumoxytol-enhanced MRI, providing a detailed description of the tumor, its margins, and its vasculariza-
tion [6]. Focal nodular hyperplasia (FNH) represents a benign liver tumor, where ferumoxytol can assist with
the diagnosis. In this case, Kupffer cells inside the FNH are responsible for the ferumoxytol uptake, leading
to signal loss in T2 and T2* weighted images. This signal loss provides an important diagnostic tool to assist
in distinguishing FNH from the malignant lesions [6].



3616 Oncol Res. 2025;33(12)

2.1.4 Imaging for Sarcoma Staging

Tumor margins, the neurovascular involvement, and tumor thrombi are among the most crucial
parameters upon which the sarcoma treatment scheme is based [9]. Siedek et al. compared the sensitivity of
Gd and ferumoxytol-enhanced MRI regarding the depiction of bone and soft tissue sarcomas in the pediatric
population [9]. The results showed that both contrast agents could assess the margins and the size of the
tumor without a significant difference. Nevertheless, ferumoxytol provided more accurate information for
the neurovascular involvement and tumor thrombi, suggesting that ferumoxytol could be used as a Gd
substitute adequately.

2.1.5 Imaging for the Detection of Joint and Pleural Infiltration

Theruvath et al. conducted a pilot study regarding the depiction of joint and pleural infiltration of bone
sarcomas in young patients [35]. Their study was based on the fact that malignant tissues produce exudate
due to the increased permeability of the microvascular system of the synovium. As a result, not only small
particles, but also larger ones (like ferumoxytol) can accumulate in the fluid. On the contrary, the reactive
fluid caused by malignant tissues, which are found neighboring the healthy joints, does not contain NPs.
The microvascular structure of the joints, which the tumor does not infiltrate, is maintained and does not
allow the larger NPs to cross it. The MRI scans, which were carried out 1 h after ferumoxytol infusion,
showed no difference in signal between the healthy and the cancerous tissue, while the ones taken 24 h later
demonstrated a significant enhancement of both the joints and pleural effusions in T1 MRI images of patients
with tumor infiltration. At the same time, no or minimal difference in enhancement was noted in patients
without spreading disease and in those with benign tumors. This phenomenon was explained by the longer
time that NPs required to accumulate at the site. The longer t1/2 time enables the scans to be taken 24 h
post-infusion, providing the essential time space for ferumoxytol accumulation [36].

Evidence has shown that ferumoxytol-enhanced MRI can be utilized as a tool for a detailed characteri-
zation of the tumor margins around joints and the chest wall. Especially regarding joints, accurate imaging
and precise diagnosis are of great importance, because of the different surgical resections that a spreading
disease requires and its further impact on the daily life of a young patient [37].

2.2 NPs as Components of Biosensors

Sensors are devices that detect molecules in a variety of samples, such as blood and pharyngeal swabs,
stool, or urine. The detection tests can be conducted close to the patient, and no special equipment is needed.
In addition, test results can be assessed immediately. In the pediatric population, sample collection is usually
a complicated process, and the sample amount is less than that of adults. NPs, due to their special properties,
are suitable prospects for the design of sensors. Their surface can be formulated and linked with antibodies
or other molecules in order to bind with the desired substance. AuNPs have already been used for such
applications [38].

2.2.1 Immunosensors for the Diagnosis of Adrenocortical Adenoma in Pediatrics

Pediatric adrenocortical adenoma is a rare and aggressive type of childhood cancer [39]. The excessive
secretion of dehydroepiandrosterone sulfate (DHEAS) is its main feature. The lack of symptoms at the
first stages of the disease complicates the diagnostic procedure, while the high aggressiveness of the later
stages decreases the survival rate [40]. A key component of an early diagnosis would be the detection
of DEHAS in plasma samples. Lima et al. engineered an immunosensor with AuNPs, which is able to
detect DEHAS in blood samples from children with great sensitivity and specificity [39]. The AuNPs were
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functionalized with L-arginine (AuNPs-ARG) and connected with anti-DHEA IgM antibodies (AuNPs-
ARG/IgM) to detect and bind with the DHEAS. The AuNPs-ARG/IgM were later attached to the oxidized
glassy carbon electrode, creating the immunosensor ox-GCE/AuNPs-ARG/IgM. AuNPs-ARG amplified the
signal received when DEHAS was connected with the IgM [39]. The clinical samples tested on the sensor were
also tested with the electrochemical impedance spectroscopy, with similar results, leading to the conclusion
that the immunosensor poses a great alternative to the detection of DEHAS with a limit of detection of
7.4 ug/dL.

2.2.2 NPs as Components of Arrays for the Diagnosis of Acute Leukemia in Children

Leukemia is the most common malignancy in pediatric oncology [41]. The diagnostic strategy involves
blood sample microscopy followed by bone marrow biopsy or aspiration [41]. A delayed diagnosis, especially
in children, is attributed to its non-specific symptoms that can mimic common and usually non-life-
threatening pathologies in young patients [41].

Volatile organic compounds (VOCs) represent carbon-based macromolecules produced by the cell
metabolism and excreted to body fluids such as blood, breath, and feces [41]. The type of VOCs varies greatly
and depends on various factors. Cancer cells’ metabolism is forced to adjust to the increased needs of the
rapidly multiplying rate [42]. As a result, the type of VOCs found on cancer cells differs from the ones found
on healthy cells, as shown in Table 1 [42]. Some VOC:s are released exclusively by healthy cells or by cancerous
tissues, while some of them are produced by both types at different concentrations.

Table 1: The different types of VOCs are categorized based on the type of cell population that produces them [42]

Healthy cells exclusively ~Cancer cells exclusively ~ Both types of cells

Methyl sulfide Hexanol 2,4dimethylheptane
4-methyldecane Cyclohexanol Benzaldehyd
o-xylene
Hexanal
Methylbeneze
Hexadecane
3,7dimethyldodecane
Chloroform
Ethanol

Note: VOCs, Volatile organic compounds.

VOCs are mainly detected and analyzed by gas chromatography, which is an expensive and time-
consuming method that requires special equipment [43]. A sensor called an E-nose was engineered to detect
the VOC:s easily and rapidly. Bordbar et al. utilized silver NPs (AgNPs) and AuNPs to create an array capable
of recognizing VOCs from healthy individuals and patients with leukemia [41]. The sensor detected the blood
vapor using 16 different NPs modified with eight different agents so as to be able to aggregate in the presence
of a specific VOC and create a pattern for each sample.

The experiment was conducted using blood samples from patients between 2 and 18 years old, who
were already diagnosed with leukemia, with either aspiration or biopsy of the bone marrow [41]. Healthy
participants were also examined by a pediatric oncologist before sample collection. Cancer patients had
received neither chemotherapy nor RT as part of their therapeutic scheme. The presence of specific VOCs
in blood samples caused the aggregation of the NPs and resulted in the color change on the assay and the
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creation of a different pattern. The appropriate conditions regarding temperature and the time required
for the color change were also investigated during the experiment (60°C for 4.5 h). After the formation
of the patterns, the arrays were used for principal component analysis by computer-based algorithms. The
patterns of the leukemia patients differed greatly from those of the healthy ones. The specificity, sensitivity,
and accuracy that arose from the experiment were really impressive, showing that the sensor could detect
VOC:s in patients with leukemia, but not distinguish the different types of leukemia. While this study
indicates the advantageous use of NPs to gain a fast, inexpensive, and accurate screening for leukemia,
further investigation is required in order to examine the arrays that hold the potential to identify the different
leukemia types and evaluate treatment response.

Table 2 summarizes the discussed studies in pediatric cancer diagnosis supported by NPs and their
advantageous characteristics that support their implementation in diagnostic procedures.

Table 2: NPs in pediatric cancer diagnosis

Type of NPs Application Advantages
Biodegradability
Contrast agent for MRI [6,9,35,44] Biocompatibility

F I-F P
erumoxytol-FeO NPs Higher sensitivity compared to Gd

Glioblastoma MRI depiction [24] Theranostic Applications

AuNPs Immunosensors for the diagnosis of Rapid results
adrenocortical adenoma [39]

Rapid result

AgNPs and AuNPs Array for the detection of acute leukemia [41]
Lower Cost

Note: NPs, Nanoparticles; FeO, Iron oxide; AuNPs, Gold Nanoparticles; AgNPs, Silver Nanoparticles; MRI, Magnetic
Resonance Imaging; Gd, Gadolinium.

2.3 Pediatric Cancer Treatment

A great variety of anti-cancer treatment options, including chemotherapy, RT, and surgery, are currently
implemented in pediatric oncology. Nevertheless, due to the unique characteristics of childhood tumors,
the treatment approaches appear less effective against them in comparison with the same types of adult
malignancies [16].

The impact of chemotherapy on healthy organs includes direct toxicity, liver metabolite-induced
indirect toxicity, immune system suppression, reduced oxygen supply, inflammation, etc. [44]. In order to
minimize such treatment-related effects, the dose of chemotherapy is often limited, reducing the potential
efficacy of the treatment. Concerning RT, although higher dose prescriptions could improve tumor control,
the tolerated dose of the healthy, developing, radiosensitive organs lying adjacent to the tumors restricts any
further increase. Depending on the irradiated site, acute and late toxicities related to RT could include skin
wounds, spine growth deficiency, hearing loss, eye damage, xerostomia, dysphagia, diarrhea, etc. Moreover,
permanent damages from the tumor resection, such as cognitive problems, endocrine imbalance, develop-
mental and neurological disorders, etc., could result in lifelong complications for the survivors [45,46]. Thus,
the need to develop novel and targeted therapies for young cancer patients is apparent.

Nanomedicine provides some useful tools to increase treatments’ efficacy and decrease treatment-

related side effects. Firstly, NPs could facilitate targeted treatments either by exploiting EPR or by adjusting
them to target specific cells and tissues. Tumor targeting could introduce more efficient and less toxic
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therapeutic approaches. Besides, NPs have the desired size and potential hydrophobic structure to overcome
the BBB, while NPs’ surface could be modified using various markers in order to bind with pumps and achieve
drug delivery across the BBB [47]. Moreover, NPs have introduced the stimulus-responsive treatment, which
is based on their ability to act under the surveillance of either innate stimulus (tumor microenvironment
conditions like pH and temperature) or external stimulus (e.g., heat, radiation) [48]. Metal and metal oxide
NPs embedded in tumor regions have been shown to enhance the radiation dose and increase tumor growth
inhibition upon irradiation [49,50].

2.3.1 Gene Therapies
Small interference RNA (siRNA)

During the creation and development of a malignant cell population, a great variety of signaling
pathways are activated, and at the same time, the repairing and apoptotic mechanisms are being suppressed
or deactivated [16]. The modification of these pathways and mechanisms at the gene level could significantly
improve the therapeutic outcome. Regarding cancer treatment, siRNA is mainly used in order to silence a
variety of genes, leading to the modification of signaling pathways [21]. A great obstacle to these types of
therapy is the instability of the nucleic acids and the low permeability of the BBB when it comes to CNS
tumors. The encapsulation of the nucleic acid in NPs and the functionalization of the NPs membrane with
the proper molecules would probably lead to a more targeted treatment and also assist in BBB bypass [16].

Abballe et al. designed AuNPs, which would encapsulate siRNA against the Ape 1 gene to treat pediatric
Ependymoma and MB cells [16,51]. Ape 1is the gene responsible for the expression of an enzyme that repairs
the damage caused by the RT [16,51]. The silencing of such a gene would increase the sensitivity of the tumor
to RT [51]. The engineered AuNPs were coated with polyethylene glycol (PEG) and contained positively
charged polyethyleneimine, which assisted with the binding of the negatively charged nucleic acid. At the
same time, chitosan enabled the covalent binding of PEG and polyethyleneimine with the NPs. The results
indicated the stable binding of the siRNA combined with a successful transfer and uptake by the cancer
cells. The silencing of the gene led to lower expression of the Ape 1. Combined with photon irradiation,
significant damage to the DNA of the cancer cells and activation of the cancer cells’ apoptotic mechanisms
were achieved. Both studies hold great promise for this radio-resistant type of cancer.

Another promising formulation of Lipid NPs (LNPs)-siRNA was designed to treat pediatric Acute
Myeloid Leukemia (AML) [52]. Recently, light was shed on the role of the non-coding genes and RNAs in
the regulation of gene expression, especially those associated with cancer cell cycle, and their relevance to
AML [52]. A non-coding gene, with a possible oncogenic role in AML, was recently found in the t (8;21)
translocation [52,53].

Connerty et al. identified the exact non-coding sequence LINC01257 and investigated its correlation
with AML, to demonstrate its oncogenic profile and its relation with worst prognosis and poorer therapeutic
outcomes [53]. On this ground, the team designed a formulation, which consisted of an LNP as a vector and
a siRNA to target the long non-coding RNA (IncRNA) region LINCO01257. LNPs represent the most well-
known and tested vehicles for nucleic acid transfer [53]. Cell cultures from children with AML were used for
the study. The results demonstrated the specificity of the oncogenic IncRNA LINCO01257 for AML, due to the
fact that it was not expressed in healthy tissues. This study’s findings showed the positive effect of silencing,
providing a possible therapeutic approach against pediatric AML. Additionally, the formulation achieved
an impressive uptake rate, and no significant toxicity was observed in the healthy cells. Nevertheless, more
research in animal models has to be conducted to evaluate the results thoroughly.
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DNA therapies

Poly (beta-amino ester) NPs (PBAE) represent a conventional and promising nanocarrier for nucleic
acids [54]. They are polymeric NPs with a high ability to encapsulate DNA and transfer it inside the cell,
avoiding the endosome and leading to the expression of the carried genes [54]. Additionally, their rapid
degradation decreases their potential toxic effects [54]. They exhibited great results when tested on adults
for cancer treatments, causing minimal side effects [54]. At the same time, their good immunogenic and
degradation profile makes them suitable candidates for the treatment of childhood cancers.

Choi et al. based on the positive results received from the encapsulation of the DNA responsible for
the encoding of the herpes simplex virus type I thymidine kinase (HSVtK), at the adult glioma, constructed
a PBAE NP to transfer the same DNA to treat atypical teratoid/rhabdoid tumors and MB in athymic mice
with orthotopic tumor xenografts, consisting of pediatric brain cancer cells [54]. The plasmid DNA was
encapsulated effectively inside the PBAE NPs due to the presence of hydrolytically cleavable ester bonds.
Different types of polymers were used to determine which one of them has the best results in each type
of tumor. Initially, NPs uptake was tested in vitro in cultures from pediatric brain cancer cells, and later
ganciclovir was added, in order to activate the cell killing. When tested in vivo, NPs were administered by
conventional enhanced delivery (CED) (direct delivery inside the brain parenchyma, through intracranial
microcatheters), while ganciclovir was delivered intraperitoneally. The results revealed a significant increase
in the survival of the treated population. A notable observation was that even minimum differences in the
NPs structures can affect the uptake and transfection process, leading to the conclusion that each type of
polymer had a different impact depending on the type of tumor. Although Poly(beta-amino ester)s (PBAEs)
are very promising as DNA vectors for gene treatments in pediatric cancers with low toxicity and minimized
side effects, more studies have to be conducted to determine the uptake mechanisms and pathways.

2.3.2 Immunotherapy

Children’s immune system differs greatly from that of adults. From birth until adulthood, it is subject
to changes, going through different stages, which vary greatly both in functionality and maturity. Hence,
the immunotherapies already designed and approved for adult patients may lack efficiency in the pediatric
population. Consequently, it is necessary to design novel ones, tailored for the developing immune system
of the young patients [15].

Malignant cells are able to either deactivate the immune system or hide from it by expressing markers
found in healthy cells [15]. Inmunotherapy refers to the redirection of the immune system against the tumor
and its microenvironment [15]. This can be achieved either by reactivating the immunity mechanisms or
by targeting malignant cells, using antigens on the NPs’ surface [15]. NPs provide perfect vehicles to safely
transfer molecules to specifically target cancer cells and activate an immunological response towards them.

Mendez-Gomez et al. designed an LNP able to carry different kinds of mRNAs to treat pediatric
gliomas [55]. The LNP contained specific 5" and 3’ untranslated regions that were able to incorporate into
either personalized mRNA or the H3K27M mRNA, which has been associated with diffuse midline gliomas.
The results showed a significant anti-tumor immunological response in murine brain tumors. In this study,
NPs exhibited the ability to include other mRNAs for co-delivery. Toxicity studies proved its safety, leading to
the obtainment of FDA-IND approval for human trials in the pediatric population with high-grade gliomas
(NCT04573140) [15,55].

To target a specific cancer cell population and create an immune response against it, it is necessary to
find markers expressed only in malignant cells; otherwise, the healthy cells will also be targeted, and the
immune response will be massive, creating an inflammatory environment and causing damage to healthy
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tissues [15]. The stimulator of the interferon genes (STING) represents a pathway, greatly expressed in cancer
tissues and especially in neuroblastoma cells [48]. This offers the opportunity to activate the intrinsicimmune
mechanisms against the tumors and their microenvironment, creating a T-cell-mediated response that could
lead to cell death [55].

Neuroblastoma is characterized by a highly immunosuppressed population of cells, while the infiltration
of T-cells is really low [56]. The team of Wang-Bishop exploited the STING pathway to treat neuroblastoma
in mouse models [56]. To activate it, they utilized the 2'3'-cGAMP, which is a natural ligand and presents
with high affinity for the pathway. As a vehicle, they used a PEG-coated polymersome to enter the 2'3'-
cGAMP inside the cell. When the NPs entered the endosome, due to the low pH of the latter, the
polymersome disassembled, while at the same time it mediated the transfer of the 2'3'-cGAMP to the
cytosol. The NPs were directly administered inside the tumors. The activation of the STING pathway was
tested in neuroblastoma cells both with and without N-MYC amplification, with similar results. N-MYC
is an oncogene whose amplification is associated with neuroblastoma. The activation of type 1 interferon
and other proinflammatory cytokines was massive, while the concentration of T-cells in the cancerous
microenvironment was increased. In addition to that, cell death was activated, leading to the recession of
the tumor growth. The created immunological memory could provide protection against a potential tumor
relapse. This could open the road for immunotherapy in children suffering from neuroblastoma.

2.3.3 Drugs

The most traditional loads of NPs are conventional drugs, which constitute the active ingredient of the
final medicinal product. In most cases, the active ingredient shows high toxicity, causing systemic side effects
when administered alone. Additionally, some anticancer drugs are not capable of crossing the BBB [57]. NPs
utilize receptor-mediated endocytosis to get through the BBB. Insulin, transferrin, and endothelial growth
factor are the most common receptors used as vectors to mediate the crossing of the BBB [15,16].

The drugs that exhibit great results regarding their efficiency against cancer cells may lack in phar-
macokinetics, since they either degrade rapidly when entering the body or lack stability [57]. As a result,
the amount of the medication that reaches the tumor is really low in comparison with the administered.
Consequently, the anticancer effect is reduced, while the side effects remain the same. The encapsulation of
drugs in NPs could increase the bioavailability of the medicine, while NPs labelled with targeting moieties
could ensure adequate cellular uptake.

This could be described in the case of N(3)-propargyl, which is a derivative of temozolomide (TMZ)
and a great candidate against diffuse intrinsic pontine glioma (DIPG) in the pediatric population [57]. N(3)-
propargyl could bypass the mechanisms that are responsible for the resistance of the DIPG to TMZ and act
against the cancer cells. Nevertheless, the pharmacokinetic properties of N(3)-propargyl hinder its use, due
to its instability at normal pH and its inability to cross the BBB. To overcome this pharmacokinetic obstacle,
two NPs were proposed. The first one is an apoferritin (AFt) nanocage, which targets the abundant transferrin
receptor 1 found on the cancer cells, while its pH dependency allows the release of its content only inside the
lower pH of the malignant microenvironment. The second NP included a sulfobutyl ether $-cyclodextrin
complex transferred inside a liposome. Cyclodextrin was used in order to enhance the encapsulation of
insoluble drugs into the aqueous core of the liposome and to prevent both leakage of the drug and its
interaction with the membrane. Both complexes achieved good loading and were administered with CED
directly to the rats’ brains, bypassing the BBB. Both of them provided good pharmacokinetics with sustained
release and stability. Especially, the exploitation of transferrin receptor 1 as a target led to a great amount
of drug entering the tumor cells. The combination of NPs and CED could provide new insight into the
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treatment of a variety of intracranial moieties, but the need for more preclinical trials to fully understand its
mechanisms is imperative.

Infante et al. developed a micelle NP loaded with Glabrescione B to treat H-dependent MB [58].
Glabrescione B is a hedgehog inhibitor with poor water solubility, which negatively affects its pharmacoki-
netics [58]. The micelle is an amphiphilic self-assembled and improves the pharmacokinetics and solubility
of the complex, which displayed minimum toxicity. For the purpose of the experiment, MB cultures were
used for the cytotoxicity and cell proliferation studies. Mice with orthotopic allograft models of H-dependent
MB were employed for the in vivo evaluation of the nanoassemblies. The administration of the medicine
resulted in a significant decrease in the growth of the tumor.

Yang et al. used NPs to combine drugs to treat neuroblastoma in mouse models [59]. The vehicle was a
liposome, loaded with picoplatin and cantharidin. Picoplatin is a very strong chemotherapeutic agent, but it
is only active in its II form, which is also extremely toxic. Hence, it was encapsulated as picoplatin prodrug
(IV form) to be converted to its active II form inside the cancer tissue. The results indicated a significant
reduction in the tumor size, with really low levels of toxicity [59].

Liyanage et al. synthesized NPs containing Gemcitabine (GM) and iron transferrin protein (Tf) [60].
GM is an anti-cancer agent, leading to cell death by inhibiting the synthesis of DNA through DNA
polymerase, whose activity is being blocked. Carbon Nitrate dots (CNDs) were used due to their water
solubility, low toxicity, biocompatibility, high photoluminescence, and their adjustable structure. In order
to overcome the BBB, the team utilized the Tf to take advantage of the receptor-mediated endocytosis. The
abundance of Tf receptors in cancer cells enables a more targeted therapy. Firstly, the CNDs were synthesized
and conjugated with GM. Later, transferrin was added by forming carbodiimide crosslinking. Then the
NPs were characterized in order to define their physicochemical properties and ensure the attachment of
both GM and Tf to CNDs. The efficacy and anticancer effect of the medicinal product were examined by
testing GM alone and GM-CNDs on pediatric cancer cell cultures. Although the anticancer effect of the GM-
CNDs was satisfying, the neighboring cells endured some damage. To overcome this, the targeting ability
of Tf receptors was utilized. The combination of CNDs-GM and Tf resulted in the elimination of only the
cancerous tissue, while the neighboring healthy tissue was not affected. Thus, the targeting capability and the
anticancer effect of the system were established. The next step was to ascertain the ability of both the CNDs
alone and the conjugated form to cross the BBB in zebrafish. CNDs achieved sufficient uptake/accumulation
in the zebrafish brain. This finding was attributed to CND’s small size and specific structure. Another possible
explanation is the exploitation of the transporter-mediated channel, which was achieved by mimicking the
glutamine structure. The study indicated that the Tf not only enhanced a more targeted treatment but also
improved the BBB crossing and ensured that the medicine reached the pathological cells.

In order to bypass the skepticism around the use of NPs as vectors for medicines in pediatric cancer
therapy and overcome the loading and release problems, Rodriguez-Nogales et al. created a nanomedicine
by combining two already known drugs with squalenic acid (SQ) [61]. SQ represents a biocompatible
lipid molecule with the ability to self-assemble when connected with the drug in order to create stable
nanostructures [61]. The active substances that were used were GM and edelfosine. The anticancer effect of
the multidrug was tested on cell cultures derived from osteosarcoma metastasis of pediatric patients [62]. At
the same time, its efficacy was compared with that of the squalenoyl-gemcitabine (SQ-GM) and SQ-GM-free
edelfosine. The results demonstrated the superiority of the multidrug by presenting a better antiproliferative
effect in comparison with either SQ-GM or SQ-GM with free edelfosine. At the same time, the anticancer
effect was reinforced due to the synergistic effect of the two drugs. The formulation also displayed its
anticancer effect at a lower concentration of its compounds, leading to lower toxicity. The pharmacokinetics
were investigated in vivo in athymic mice. The IV administration was successfully achieved without the
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hemolytic effect of edelfosine, while at the same time, the formulation led to a sustained release of GM,
significantly decreasing its toxicity. Overall, these multidrug nanoassemblies provided a potential alternative
for the treatment of aggressive pediatric metastatic cancers.

In the field of pediatric hematology, drug-loaded NPs have been tested against AML [63]. Carvalho et al.
designed polymeric NPS, which were formulated to target the CD33 transmembrane protein, a common
marker on AML cells. ABT-737 and Purvalanol A were encapsulated inside the NPs. ABT-737 is an inhibitor
of the antiapoptotic B-cell lymphoma (Bcl) proteins Bcl-2, Bcl-w, and Bcl-xL. Purvalanol A blocks the
binding of cyclin-dependent kinase 1 and 2, disrupting the cell cycle. The effect of the NPs was tested on
pediatric AML cells. The results demonstrated the synergistic effect of the two drugs and the induction of
the AML cells’ apoptotic mechanisms.

2.3.4 NPs as Sensitizers for RT and Photothermal Therapy

Numerous studies over the last decades have elaborated on the potential benefits of NPs-aided RT [64].
Metal and metal oxide NPs have been widely explored in the literature in vitro, in vivo, and in silico for their
potential to serve as tumor radiosensitizers [65-67]. The difference in mass-energy absorption coefficients
between metal and soft tissue indicates that the presence of high-Z NPs in an irradiated tumor volume
could enhance the intratumoral dose deposition and consequently amplify reactive oxygen species (ROS)
production, DNA damage, and cancer cells apoptosis. Since the dose enhancement seems to be restricted in
short radial distances from the NPs aggregation area, healthy organs adjacent to tumor volumes would not
be furtherly affected. The majority of studies investigate the radio-sensitization potential of AuNPs, AgNPs,
and Gd-based NPs in external beam RT and brachytherapy. Gd-based NPs, along with the NBTXR3, which
is a hafnium Oxide (HfO) NP, are employed in most of the conducted clinical trials [64]. While the bulk of
research involves adult cancer cells or models, experiments employing bone/soft tissue sarcomas, brain and
head and neck tumors, which could be diagnosed at any human age, could guide the corresponding research
in pediatric malignancies, NPs-aided RT.

Photothermal therapy (PTT) supported by NPs represents a conventional method of applying heat and
light to a nanodevice in order to promote the death of the cancer cells or the expression of specific antigens
and markers [48]. AuNPs play a key role in photothermal therapy, due to their high light absorption and
their ability to be tuned [15]. AuNPs have been used against gliomas in combination with PTT [15].

An interesting application was introduced by Cano-Mejia et al., oligodeoxynucleotide-coated Prussian
blue nanoparticles (CpG-PBNPs) and PTT were combined with immunotherapy against neuroblastoma
in mouse models [24]. Prussian blue is already an FDA-approved medication, including the pediatric
population, against radioactive poisoning. The engineered CpG-PBNPs present photothermal properties,
which were not affected by the CpG coating. The CpG works as an agonist for the toll-like receptor 9,
increasing the CpG-PBNPs-based nanoimmunotherapy. The formulation was tested in vitro in neurob-
lastoma cell lines and in vivo in tumor-bearing mice. PTT was applied through a near-infrared laser.
The goal was to achieve the contribution of the immune system to cell death, in order to both create
immunological memory and eliminate distant cancer cells. The in vivo part of the experiment included
5 groups: vehicle, free CpG, CpG-PBNPs, PBNPs-PTT, CpG-PBNPs-PTT. The results demonstrated that
the CpG-PBNPs-PTT had the best survival rates. The team also showed the generation of immunological
memory by injecting the surviving mice with neuroblastoma cells and comparing their survival with a control
group. The CpG-PBNP-PTT-treated mice had the best survival rates once again, indicating the presence of
immunological memory.
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Table 3 presents the discussed studies and their main results in pediatric cancer treatment supported by
different types of NPs.

Table 3: Applications of NPs in pediatric cancer treatment

Type of NPs Advantages Type of therapy Cancer type Study results
AuNPs [51] Targeted treatment siRNA carrier Ependymoma-MB Silencing of the APE 1 gene results in lower
Cross BBB expression of the repairing proteins. Combined

with photon irradiation, it resulted in DNA

Biocompatibility
damage and increased apoptosis of the cancer cells

Low toxicity
Easy functionalization
Variety in sizes/shapes
Stability
High light absorption
Ability to be tuned
Photothermal properties

LNPs [53,55] Targeted treatment siRNA carrier [53] AML Silencing of the oncogenic IncRNA LINCO01257
Biocompatibility results in a reduction in cancer cell proliferation
Low toxicity and viability.
Drug solubility
Ideal nucleic acid vectors Immunotherapy [55] Glioma Recession of the tumor growth. Regulation of the

immunological axes and generation of
immunological memory.

AFt Nanocage/ Targeted treatment Drug carrier DIPG [57 Sustained release and increased concentration of
Liposome [57,59] Biocompatibility the drug inside the tumor in comparison with the
Low toxicity free drug.
Drug solubility
pH dependency Neuroblastoma [59] Improved pharmacokinetics and increased
Lipophilicity accumulation inside the tumor, with a better
anti-tumoral activity compared to the free drugs.
Micelle [58] Targeted treatment MB Improved solubility and pharmacokinetics of the
Biocompatibility drug leading to a greater inhibition the tumor

Low toxicity growth in comparison with the free drug.

Amphophilic self-assemble

CNDs [60] Biocompatibility GBM BBB crossing-cancer tissue targeting, limited
Low toxicity effect on normal tissue (in contrast to the free
Water solubility drug)-cancer cells apoptosis
High photoluminescence
Adjustable structure
Squalenic Biocompatibility Osteosarcoma Improved pharmacokinetics.
acid [62] Ability to self-assemble Decreased cell proliferation compared to the free
drugs.
PBNPs [24] Biocompatibility PTT Neuroblastoma Increased survival in comparison with the control
Low toxicity groups.
Photothermal properties Generation of immunological memory.
Polymeric Potential biocompatibility DNA carrier Teratoid/rhabdoid Activation of the ganciclovir prodrug, which
NPs [54] Rapid degradation tumors induced cell killing.
Easy functionalization Increased survival of the treated population

Good immunogenic profile compared to the untreated.

Ability to encapsulate DNA

Polymersome [56] pH dependency Immunotherapy Neuroblastoma Activation of the STING pathway, leading to
immunological response and cell killing.

Note: BBB, Blood-Brain Barrier; siRNA, Small Interference Ribonucleic Acid; MB, Medulloblastoma; DNA, Deoxyri-
bonucleic Acid; AML, Acute Myeloid Leukemia; IncRNA, long non-coding Ribonucleic Acid; DIPG, Diftuse Intrinsic
Pontine Glioma; GBM, Glioblastoma; PTT, Photothermal Therapy; STING, Stimulator of the Interferon Genes.

2.3.5 Clinical Trials

To the best of our knowledge, since 2019, 5 trials regarding pediatric cancer treatment assisted by NPs
have been either completed or are recruiting. Investigating refractory solid tumors, sirolimus NPs combined
with temozolomide/irinotecan (NCT02975882) [68] and vincristine combined with PEGylated liposomal
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doxorubicin (NCT04213612) [69] were studied to determine maximum tolerated dose (MTD), dose-limiting
toxicities, and recommended phase 2 dose. In a similar direction, Mendez-Gomez et al. utilized RNA-LNP
vaccines against newly diagnosed pediatric high-grade gliomas (NCT04573140) [55]. This phase 1 clinical
trial aimed to identify the MTD. In the field of hematology, long-acting liposomal cytarabine combined
with rituximab was investigated against mature B-cell Lymphoma (NCT01859819) [70]. A water-soluble
nanoparticle formulation of Panobinostat, named MTX 110, combined with Gd, is investigated as a treatment
for children with newly diagnosed diffuse midline glioma in a Phase 1 clinical trial (NCT04264143), which
is currently being conducted [71].

Although the FDA has published its guidelines regarding NPs approval since 2005, the progress has been
relatively slow, due to a variety of challenges [72]. The scalability and reproducibility are often difficult, while
the final products require special conditions to ensure their stability, which increases the cost. Moreover,
the characterization requires specific equipment, further raising the cost [72]. NPs, due to their small size
and unique properties, like pH sensitivity, lipophilicity, or hydrophilicity, etc., have special pharmacokinetics
and pharmacodynamics that have to be investigated thoroughly, especially for children. Pediatric patients
may exhibit different reactions to NPs applications, while long-term accumulation of NPs in critical organs
(liver, spleen, etc.) could result in further adverse effects. Up to date, Vyxeos is an anticancer nanomedicine,
which has been approved for the pediatric population [12]. Vyxeos is a combination of two cytotoxic drugs,
Daunorubicin and Cytarabine, encapsulated in an LNP [12]. The implementation of Vyxeos has shown
significant clinical benefit in pediatric AML patients [12].

3 Discussion

NPs have emerged as a ray of hope for a lot of specialties, including pediatrics. Their applications vary
greatly as they can improve and evolve a wide range of therapeutic and diagnostic procedures. NPs, due to
their small size, can bypass the BBB and facilitate their accumulation inside the brain [73]. Owing to their
easy functionalization and surface modification, they could overcome biological barriers that undermine the
effectiveness of conventional cancer therapies and selectively target the tumor cells [73].

In the field of cancer diagnosis, biosensors have gained a lot of confidence over the last years as they
speed up the diagnostic procedure, supporting fast screening and timely cancer detection [22,38,74]. Their
sensitivity has improved to a great level since the integration of NPs.

Diagnostic imaging in pediatrics faces two great problems: the significant effect of radiation on the
developing organism and the side effects of the contrast agents that are currently utilized. Since the imaging
techniques require the cooperation and immobilization of the patients for along period of time, children tend
to receive anesthesia to undergo those tests. The longer half-time of ferumoxytol supports its use as a contrast
agent, while the feed and sleep technique could be applied [6,7]. This novel contrast agent is associated with
fewer side effects and provides better imaging results compared to the Gd-based one. Undoubtedly, both
pediatricians and radiologists have to be trained properly to be able to incorporate it into the clinical routine.

NPs possess unique features that could be exploited in the field of pediatric cancer treatment with the
intention of accomplishing a double goal: optimizing treatment schemes and reducing treatment-related side
effects. NPs could serve as drug carriers; the targeted and modified drug release could provide increased
intratumoral concentration, ensure that the medicine would act in a specific environment, and minimize
its side effects [57,59,60]. Gene therapies could also utilize NPs as vehicles for the nucleic acids to establish
efficient delivery in cancer cells [51,53]. Moreover, RT aided by metal and metal oxide NPs as radiosensitizers,
could provide local dose enhancement in the irradiated target regions, increased cancer cells apoptosis
and tumor growth inhibition without further increase of radiation-induced damages to healthy tissues and
organs [65-67].
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For the purpose of successfully widening the therapeutic ratio in pediatric cancer through the appli-
cation of NPs, thorough research is needed. The differences between human and animal models dictate
systematic analysis to determine the exact mechanisms of NPs’ biodistribution, clearance, and pharmacoki-
netics in children prior to clinical translation. The optimum administration methods in pediatric patients and
NPs physicochemical characteristics should be investigated in depth, since they may affect NPs stability, their
interaction with biomolecules, their biodistribution route, and the induced short-and long-term toxicity.

Nevertheless, the research faces some distinct obstacles. NPs complex manufacturing process and
the high cost might restrict pre-clinical research. To overcome this, in silico approaches and Monte Carlo
calculations could be initially used to offer a valuable insight into NPs-aided cancer therapy and guide the
experimental translation in vitro and in vivo. However, the lack of pediatric models for the in vivo testing of
the products raises further challenges [31]. The small number of cancer patients is an important limitation
regarding the development of pediatric cancer models. Deep learning, though, could offer an alternative to
strengthen the inputs of computational studies.

Additionally, NP based anticancer drugs already approved for adults cannot be translated in the
pediatric population directly just by adjusting the dosage according to the child’s weight. Pharmacokinetics,
pharmacodynamics, and immunological responses differ in children, while they also evolve and change
during childhood. The side effects attributed to NPs usage could also vary and impact the developmental
process of the pediatric patients. It is important to consider that NPs cross the BBB and could affect the brain,
while long-term accumulation of NPs in tissues may also cause organ damage over time. Thus, the safety
protocols have to be evaluated separately and thoroughly. Another important aspect regarding children is
NPs’ administration. The majority of NPs are administered IV and since younger children do not tolerate
injections, the implementation of such approach would be challenging. Finally, to the best of the authors’
knowledge, the interaction between NPs and RT in the pediatric population has not been investigated yet.

Nanomedicine is a relatively new domain, especially for pediatrics. The skepticism around it may hinder
the clinical stages of the trials. This hesitation, which involves not only the parents but also the clinicians,
could be suppressed through comprehensive efficiency and biosafety assessment studies combined with cost-
effectiveness and regulatory analysis exclusively dedicated to the field of pediatric cancer care.

4 Conclusion

NPs open new horizons in cancer diagnosis and therapy in pediatric patients. NPs’ use in biosensor
design could strengthen sensitivity, specificity, and allow for early cancer detection. Besides, NPs’ ability to
target aggressive tumors and transfer successfully the contrast agents and chemotherapeutic drugs or genes,
could offer the potential to improve both imaging accuracy and treatment efficacy. Moreover, high-Z NPs
could serve as radiosensitizers to optimize the RT the patients receive, in terms of enhancing tumor control
probability without further radiation-related side effects. Thus, the integration of NPs in pediatric oncology
may improve both the survival rates, while enhancing the quality of life for the young patients. However,
it should be noted that further systematic, consistent, interdisciplinary research is needed to ensure NPs’
efficiency and long-term safety in order to incorporate them into the therapeutic protocols.
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Abbreviations

BEFDG BF_fluorodeoxyglucose

AFt Apoferritin

AML Acute Myeloid Leukemia

ARG L-arginine

AuNPs Gold Nanoparticles

BBB Blood-Brain Barrier

Bcl B-cell lymphoma

CED Conventional Enhanced Delivery
CNDs Carbon Nitrate dots

CNS Central Nervous System

CSCs Cancer Stem Cells

DHEAS Dehydroepiandrosterone Sulfate
DIPG Diffuse Intrinsic Pontine Glioma
EPR Enhanced Permeability and Retention
EVs Extracellular Vehicles

FDA Food and Drug Administration
FNH Focal Nodular Hyperplasia

FeO Iron Oxide

FNH Focal nodular hyperplasia

GBM Glioblastoma

Gd Gadolinium

GM Gemcitabine

HfO Hafnium Oxide

HIV Human Immunodeficiency Virus
HSVtK Herpes Simplex Virus Type I Thymidine Kinase
v Intravenous

IONPs Iron Oxide Nanoparticles
IncRNA long non-coding RNA

LN Lymph Node

LNP Lipid Nanoparticle

mTOR Mammalian Target Of Rapamycin
MTD Maximum Tolerated Dose

MB Medulloblastoma

miRNA Micro RNA

MRI Magnetic Resonance Imaging
NPs Nanoparticles

PBAEs Poly(beta-amino ester)s
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PBNPs Prussian Blue NPs

PET Positron Emission Tomography

PTPmu Protein Tyrosine Phosphatase mu

PTT Photothermal Therapy

PZQ Praziquantel

RES Reticuloendothelial System

RT Radiotherapy

siRNA Small interference RNA

SQ-GM Squalenoyl-gemcitabine

SPARC Secreted Protein Acidic-Cysteine

STING Stimulator of the Interferon Genes

T2WI T2-Weighted Images

T™Z Temozolomide

Tf Transferrin protein

VOCs Volatile Organic Compounds
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